The main objective of the present study was to investigate the efficiency of the electrocoagulation process as a post-treatment to treat biologically pretreated bagasse effluent using iron electrodes. The removal of the chemical oxygen demand (COD) and the total suspended solids (TSS) were studied under different operating conditions, such as amount of dilution, initial pH, applied current and electrolyte dose using the response surface methodology (RSM) coupled with a four-factor three-level Box-Behnken experimental design (BBD). The experimental results were analyzed by the Pareto analysis of variance (ANOVA) and second order polynomial mathematical models were developed with high correlation of efficiency (R 2 ) for COD, TSS removal and electrical energy consumption (EEC). The individual and combined effects of the variables on the responses were studied using three dimensional response surface plots. Under the optimum operating conditions, i.e., amount of dilution at 30 %, initial pH of 6.5, applied current of 8 mA cm -2 and electrolyte dose of 740 mg L -1 , high removal efficiencies of COD (98 %) and TSS (93 %) were obtained with an EEC of 2.40 Wh, which were confirmed by validation experiments.
INTRODUCTION
The pulp and paper industry is one of the most water-dependent industries that consumes 500 m 3 of fresh water to produce a ton of paper. 1 The effluent characteristics of the pulp and paper industry vary according to the pulp process and the characteristics of raw material used in each industry. However, in general, most of the pulp and paper industries used bagasse as a raw material, due to its easy availability and eco-friendly nature. The effluents generated from bag-614 THIRUGNANASAMBANDHAM, SIVAKUMAR and PRAKASH MARAN asse-based pulp and a paper industry contain high amounts of organic material and suspended solids, which are considered as major pollutants to an ecosystem. The discharge of untreated bagasse effluent to the ecosystem degrades the environmental and causes harmful effects to living organisms. 2 To overcome this problem, numerous treatment technologies have been reported for the treatment of bagasse effluent, such as bioremediation, upflow anaerobic sludge blanket (UASB) reactor treatment and fungal treatment. However, these treatment processes have drawbacks, such as long treatment time, start-up problems, maintaining environmental conditions and low removal efficiency of organic pollutants. These characteristics of a biological treatment process makes it unfit for largescale application. Even though, biological treatment of bagasse effluent produces valuable by-products (biogas), the discharge of this effluent to ecological system is still questionable due to the presence of considerable amounts of organic matter. With environmental regulations becoming more stringent, regulatory compliance has also become a matter of increasing concern for the pulp and paper industries. Therefore, there is a critical need to install an effective posttreatment method to treat biologically pretreated bagasse effluent. 3 In recent years, there has been increased interest in the application of electrocoagulation in the treatment of industrial wastewater. Some of the advantages of electrocoagulation are the simple equipment required, low operating cost, high removal efficiency of toxic matters at short treatment times, easily available electrode materials and easy automation of the process. In addition, it does not require any addition of chemicals, the dosing of coagulant reagents depends on the applied current. 4 Electrocoagulation is a process that generates metallic hydroxides in situ via electro-dissolution of a soluble sacrificial anode immersed in the wastewater. The electrochemically generated metallic ions hydrolyze near the anode to form a series of metal hydroxides that are able to destabilize the dispersed particles present in the wastewater to be treated. The destabilized particles are believed to be responsible for the aggregation and precipitation of suspended particles. Moreover, most of the electrocoagulation process use iron as the electrode material due to its higher electrical potential compared to other materials, such as aluminum and stainless steel. 5 To the best of our knowledge, the electrocoagulation process has hitherto been applied as a pre-treatment process for various industry effluents. No investigations have been reported for the efficiency of an electrocoagulation process as a post-treatment to treat industrial effluents. Hence, in this study, it was planned to investigate and optimize the operating variables, such as amount of dilution, initial pH, applied current and electrolyte dose on the removal efficiency of COD and TSS removal in the treatment of biologically pretreated bagasse effluent using electrocoagulation (post-treatment) process via the response surface methodology (RSM). 6 Response surface methodology (RSM), a collection of mathe-matical (statistical) techniques, is useful for developing, optimizing and understanding the performance of complex systems applying the minimum number of experiments. This technique conforms closely to practical results compared to theoretical models as it arises from an experimental methodology. 7 
EXPERIMENTAL

Materials
The wastewater investigated in this study was collected from a bagasse-based pulp and paper factory near Erode, Tamilnadu, India. Sample collection, preservation and characterization (pH, COD and TSS) were realized in accordance with the American Public Health Association (APHA) Standard Methods for the Examination of Wastewater. 1 Characterization was performed immediately after arrival of the samples in the laboratory. The obtained values were pH 7.04, COD = 1574 mg -1 and TSS = 986 mg L -1 . All the chemicals employed in the study were analytically pure. The electrolyte used in the study was sodium chloride, which was purchased from local suppliers, Erode, India.
Experimental procedure
The electrochemical reactor (acrylic) having a working volume of 3 L was used to treat the wastewater with iron sheets (33 cm×6 cm×0.2 cm) as the electrode. The effective surface area of each electrode was 108 cm 2 . The distance between the anode and cathode was fixed at 4 cm. The assembly was connected to DC power source (Dolphin; 0-6 A and 0-30 V) to fix the desired current density. Distilled water was used to dilute the effluent and the effluent was then adjusted to the required pH using sodium hydroxide or hydrochloric acid. A schematic diagram of electrocoagulation reactor is shown in Fig. 1 . In each run, 1.6 L of wastewater was placed into the reactor and all the runs were performed for a constant treatment time of 15 min under stirring at 250 rpm. The treated effluents were collected, filtered and used for the determination of the COD and TSS. All experiments were performed in triplicate and the average values were recorded. The removal efficiency (R in %) was calculated using the following equation:
where Y 0 and Y represent the initial and final value of COD or TSS. 
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Experimental design
In the present study, the response surface methodology (RSM) was used to optimize and determine the relationship between removal efficiencies of COD, TSS and EEC with respect to the crucial operating parameters, i.e., the amount of dilution, 5-15 %, initial pH 5-9, applied current, 5-15 mA cm -2 and electrolyte dose, 350-750 mg L -1 . Box-Behnken response surface experimental design (BBD) with 29 experiments with five centre points and their results were analyzed by multiple regression analysis to evaluate the adequacy of various models (linear, interactive (2FI), quadratic and cubic) using the Stat ease Design Expert 8.0.7.1 statistical software package (Stat-Ease Inc., Minneapolis, MN, USA). The regression coefficients of the linear, quadratic and the interaction involved in the model and their effects were analyzed by the F-test and P-value. The statistical significance of the model was analyzed by pareto analysis of the variance (ANOVA). The relationship between the response and the four independent variables were correlated by a second order polynomial equation, the generalized form of which was given in elsewhere, 7 and it was used for the construction of three dimensional response surface plots to study the effect of the independent variables on the dependent variables. Finally, the numerical optimization methodology was performed to determine the effective electrocoagulation operating conditions, which was validated by conducting additional experiments.
RESULTS AND DISCUSSION
Experimental design analysis
The total number of 29 statistically designed batch experiments were performed for different combinations of the process variables in order to optimize and study the combined effect of independent variables (amount of dilution, initial pH, applied current and electrolyte concentration) on the removal efficiencies of COD, TSS and EEC, which are shown in Table I . The experimental data was fitted to the various mathematical models (linear, interactive (2FI), quadratic and cubic) in order to obtain regression equations. To realize this, model summary statistics (Table II) were performed to decide about the adequacy of a models among the various models, i.e., the model that exhibits the highest R 2 , adjusted R 2 , predicted R 2 and F values and also lowest p-values for when compared with those of the other models. [6] [7] [8] Thus, the quadratic model was selected for further analysis to represent the electrocoagulation process. The obtained second-order polynomial equations in terms of coded factors are given below: Generally, it is important to confirm that the fitted model gives an adequate estimation to predict the responses, unless the model shows poor or misleading results. Considering this phenomenon, diagnostic plots, i.e., predicted versus actual values (Fig. 2a-c) The data points on these plots lie reasonably close to a straight line, which indicates that an adequate agreement between real data and the data obtained from the models. 11 The statistical significance of the regression equation was evaluated by Pareto analysis of variance (ANOVA) and the results are presented in Table III . The F and p-values of the individual and combined effects of the operating variables were found to be in the range of acceptable levels, which indicated that the model was highly statistically significant. 12 These results indicated that the developed mathematics is good enough to represent the electrocoagulation treatment process significantly.
Influence of the process variables
Four factors at five levels BBD were used in this study to investigate the influence of process variables on responses such as COD and TSS removal. To understand the interaction between the independent variables and estimate the removal efficiency of COD, TSS and EEC over the independent variables, three dimensional response surface plots were constructed from the developed models (Equations (2)- (4)), which are shown in Figs. 3-5 .
Effect of amount of dilution
Dilution of the effluent is key parameter that strongly influenced the performance of the electrocoagulation process. The concentration of the effluent discharged after biological treatment of the bagasse effluent is not constant over time. Hence, an adopted post treatment method should be capable of treating bagasse effluent of varying concentrations. Considering this, the amount of dilution was selected as a primary parameter in the electrocoagulation process. From the results (Figs. 3a and 4a) , it was observed that the efficiencies for the removal of COD and TSS increased with increasing amount of dilution. This could be explained by the fact that higher amounts of dilution lead to decreasing concentrations of COD and TSS in wastewater; thus, the removal efficiencies were increased with respect to increasing dilution of the wastewater.
Effect of initial pH
In an electrocoagulation treatment process, the pH plays an important role in determining the removal efficiencies. From the obtained results (Figs. 3a and 4a) , it was found that the efficiencies of COD and TSS removal increased with increasing pH up to 6.5. Thereafter, there was a drastic decrease in the efficiencies of COD and TSS removal. This is because the formation of Fe(OH) 3 flocks is significant in the pH range 5-7, which removes the COD and TSS via sweep coagulation. Above pH 6.5, monomeric anions, namely Fe(OH) 4− species, are formed that are ineffective 13 for removal of COD and TSS from bagasse effluent. These results indicated that the initial pH value of the effluent is a primary parameter that affects the electrocoagulation process significantly.
Effect of applied current
Applied current is one of the important factors influencing the electrocoagulation process. From the obtained results (Fig. 3b and 4b) , it was found that the efficiency of COD and TSS removal increased with increasing current density up to 10 mA cm -2 , thereafter the current density had almost negligible effects on the removal efficiencies. This could be explained by the fact that the formation of Fe(OH) 3 flocks increased with increasing applied current and hence an improvement in the efficiency of COD and TSS removal was observed. However, above an applied current of 10 mA cm -2 , almost all the COD and TSS were removed via sweep coagulation and thus, the removal efficiencies were constant. 14 Fig. 3 . Effect of operating variables on COD removal.
Effect of electrolyte (NaCl) dose
The electrolyte concentration is one of the prime parameter that significantly affects the performance of an electrocoagulation process. From the obtained results (Figs. 3b and 4b) , it was found that efficiencies of COD and TSS removal increased with increasing electrolyte concentration up to 600 mg L -1 . This is due to the formation of hypochlorite (an oxidizing agent), which strongly affects the removal of the COD and TSS. The detailed mechanism is given below: Cl 2e 
Effect of process variables on the electrical energy consumption
Electrical energy consumption (EEC) is a crucial parameter in electrocoagulation process that significantly affects the economy of the process. From the obtained results (Fig. 5a and b) , it was found that, the EEC of the electrocoagulation process is significantly affected by the initial pH (X 2 ), applied current (X 3 ) ____________________________________________________________________________________________________________________________ (C) 2014 SCS. All rights reserved. and electrolyte concentration (X 4 ), whereas amount of dilution (X 1 ) shows a negligible effect. The EEC value of present study was calculated as follows: 16 EEC (Wh) = VAt (h) (8) The EEC value increased with increasing applied current (X 3 ) and decreased with increasing electrolyte concentration (X 4 ). Meanwhile, the EEC decreased with increasing pH up to 7, beyond that there was a drastic increase in the EEC. Finally, the EEC values of present electrocoagulation process varied in the range from 0.4 to 7.5 Wh. These results indicated that all the selected independent variables showed a considerable effect on the EEC value, except for X 1 . 
Effect of process variables on the iron concentration
In an electrocoagulation process, the quantity of produced iron is a key step. To examine the production of iron in the electrocoagulation process, the following calculations were used: 17 It n zF =
where n -number of moles; I -current, A; t -time (treatment time), s; z -charge on the cation, (z = 2) and F -the Faraday constant, 96.5×10 4 C mol -1 . The iron concentration in solution was theoretically calculated as follows:
where c Fe -iron concentration in solution, g L -1 ; M Fe -molar mass of iron,; n --number of moles; and V -volume of the cell, L. In this present study, the production of iron mainly depended on one independent parameter, namely the applied current (X 3 ), only. The produced iron concentration in the present study was varied between 0.89 to 2.65 g L -1 .
Optimization and validation
The objective of the optimization was to determine the operating conditions that gave the maximum efficiency of COD and TSS removal with a minimum EEC in the selected parameter ranges. In this study, the desirability function approach was applied to optimize the electrocoagulation process via a numerical optimization technique (The Derringer desired function methodology), which evaluates a point that maximizes the desirability function. The optimum operating conditions were predicted to be: amount of dilution 30 %, initial pH of 6.5, applied current of 8 mA cm -2 and an electrolyte dose of 740 mg L -1 , resulted in high efficiencies of COD (98 %) and TSS (93 %) removal with an EEC of 2.40 Wh, and a desirability value of 0.986. The suitability of the optimized conditions for predicting the optimum response values was tested experimentally using the same set of optimal conditions, which gave removal efficiencies of 98.06 and 92.54 % for COD and TSS, respectively, with an EEC of 2.34 Wh. These results clearly validated the optimized conditions. 18 
CONCLUSIONS
In this study, BBD was employed to study and optimize the process variables, i.e., amount of dilution, initial pH, applied current and electrolyte concentration on the removal of COD and TSS from biologically pretreated bagasse effluent using an electrocoagulation process with iron electrodes. The results showed that all the operating variables had a significant effect on the responses and quadratic models were developed for predicting the responses. Three dimen-sional response surface plots were used to study the combined effect of the process variables on the responses. The optimum set of operating variables was obtained using the Derringer desired function methodology. The optimal set was found to be: amount of dilution, 30 %; initial pH, 6.5; applied current, 8 mA cm -2 and an electrolyte dose of 740 mg L -1 , which gave high efficiencies for COD (98 %) and TSS (93 %) removal with an EEC of 2.40 Wh. The results demonstrated the technical feasibility of electrocoagulation as a possible and reliable technique for the post-treatment of biologically pretreated bagasse effluent.
